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In this study, wire arc additive manufacturing process is employed to fabricate a low-carbon low-alloy steel
block, using an ER70S-6 solid wire. Three sets of samples with different orientations, including perpen-
dicular (Vertical), parallel (Horizontal), and 45� (45-degree) relative to the deposition plane, were prepared
in order to investigate the anisotropy in mechanical properties and microstructure of the fabricated part.
Both Horizontal and 45-degree samples showed a uniform microstructure containing mostly ferritic grains
with a small volume fraction of pearlite at their grain boundaries. Differently, a periodic microstructure
was detected in the Vertical sample, consisting of a combination of acicular ferrite, bainite, and allotri-
omorphic ferrite formed in the interlayer regions in addition to polygonal ferrite within the melt pools�
center. Moreover, the uniaxial tensile and Charpy impact results exhibited isotropic tensile, yield, elonga-
tion, and impact properties for both Horizontal and 45-degree samples; however, the Vertical sample
showed a lower mechanical performance. The improved mechanical properties of the Horizontal and 45-
degree samples were correlated to their uniform ferritic microstructure.
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1. Introduction

Additive Manufacturing (AM) is a rapidly developing
technology by which 3D components are produced through
layer-by-layer deposition of the metallic, polymeric, or even
ceramic materials using feedstock powder particles or solid
wires (Ref 1). The metal AM process can be categorized based
on the implemented heating source into two main categories,
i.e., beam-based methods, such as selective laser melting
(SLM) or electron beam melting (EBM), and arc-based
technologies, such as wire arc additive manufacturing (WAAM)
(Ref 2). Although the WAAM technology has not been
completely industrialized yet, it has gained substantial attention
in different industries, including aerospace, marine, and oil and

gas for the fabrication of meter-scale metallic components for
structural applications (Ref 2, 3). As compared to other AM
technologies, WAAM is mainly identified by its low capital
cost, unlimited build envelope, and significantly high deposi-
tion rate (3-8 kg/h), leading to substantial reduction in the
fabrication time (Ref 2). The common WAAM processes
implement either a gas metal arc (GMA), gas tungsten arc
(GTA), or plasma arc (PA) as the heat source (Ref 4-6). Cold
metal transfer (CMT) is also a new variation of GMA
technology and widely adopted as the heat source to produce
WAAM components (Ref 7, 8).

Despite the cost-saving advantage of WAAM technology in
fabrication of large-scale components from a wide range of
materials, the high heat input and nonuniform solidification rate
associated with the process lead to microstructural inhomo-
geneity and the anisotropy of the mechanical properties (Ref 4,
9, 10). Wu et al. (Ref 11) reported a highly anisotropic tensile
strength for a thin wall 316 L stainless steel fabricated by
GMA-WAAM. It has been reported that the high temperature
gradient, fast cooling rate, and sequential heating and cooling
cycles experienced by components during WAAM can impact
the final microstructure, leading to a heterogeneous grain
structure and anisotropic mechanical properties (Ref 12-14).
Even reducing the heat input by implementing the CMT-
WAAM technology for the fabrication of a Cr-Mn type steel
was not found to be an effective approach to hinder the
anisotropy in mechanical properties (Ref 15). It is well accepted
that the WAAM processing parameters directly impact the in-
situ thermal history during solidification of the part, determin-
ing the final microstructure and ultimately the part�s mechanical
performance (Ref 16, 17). As one of the less studied processing
parameters, scanning or deposition pattern is an important
factor that affects the thermal history, microstructural charac-
teristics, and mechanical performance of AM components (Ref
18). In the WAAM technology, processing parameters, such as
heat input (Ref 19), post-printing thermal treatment (Ref 20),
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and size of the deposited wire (Ref 21) have been widely
studied to tailor the microstructure and mechanical properties of
the fabricated part. However, only limited research in the
literature has attempted to investigate the deposition strategy’s
impact on the microstructural modification and mechanical
properties, especially for low-carbon low-alloy steels with
broad applications for the pipeline, casting, and forgings (Ref
22). Focusing on investigating the impact of deposition strategy
on the microstructural modifications and the resultant mechan-
ical properties, the present study has adopted a stripe scanning
strategy with 90� rotation between consecutive layers to
fabricate an ER70S-6 block using WAAM technology as
compared to all-y scanning strategy commonly reported in the
literature. The impact of the adopted deposition strategy on
anisotropy in mechanical properties was investigated, utilizing
tensile testing, impact testing, and fractography at different
orientations of the fabricated block, i.e., vertical, horizontal,
and 45� relative to the sample�s building plane.

2. Experimental Procedure

2.1 Materials and Fabrication Procedures

A cuboid block of ER70S-6 alloy (Fig. 1b) was fabricated
following a stripe strategy with a 90� rotation between
successive layers using a FANUC ARC Mate� 50iD/7L 6-
axis robotic arm equipped with a GMA torch and a Lincoln
Electric Power Wave� R350 power source as shown in

Fig. 1(a). In order to minimize the surface irregularities and
heat input during the process, an advanced surface tension
transfer (STT) mode was employed. Each deposited layer in X-
Y plane contains 40 individual beads with a length of 120 mm
and a 3 mm center-to-center overlap, leading to the overall
width of 120 mm. The total height of the part is 200 mm,
comprising 40 consecutive layers with an average height of � 5
mm for each deposited layer. To control the impacts of complex
thermal cycles associated with the WAAM process on the
microstructure of the previously deposited layers, after each X-
Y layer deposition, a 10-min interlayer dwell time was applied
during the fabrication. Moreover, the presented schematic
pattern in Fig. 1(c) shows the positions where Horizontal,
Vertical, and 45-degree tensile and impact test samples were
machined from the WAAM fabricated block. A 0.035 in.
diameter ER70S-6 wire (0.06–0.15 wt.% C, 1.40–1.85 wt.%
Mn, 0.80–1.15 wt.% Si, and Bal. Fe) was utilized as the
feedstock material. The detailed process parameters can be
found in the previous authors� publication (Ref 9).

2.2 Microstructural Characterization and Mechanical
Properties

The microstructural characterization and investigation of
possible formed microstructural inhomogeneity in the fabri-
cated component were carried out on three samples prepared
from different orientations of parallel, perpendicular, and 45�
with respect to the deposition plane (X-Y), denoted by
Horizontal, Vertical, and 45-degree samples, respectively.
Standard grinding and polishing procedures for steels were

Fig. 1 (a) The robotic WAAM platform, (b) the fabricated block using WAAM method, (c) schematic drawing of the WAAM-ER70S-6 steel
block showing the position of tensile and impact testing samples
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implemented using a Tegramin-30 Struers auto-grinder/pol-
isher. In order to reveal the microstructure, the polished samples
were etched using 5% Nital as the etchant. The microstructure
of all samples was investigated using an optical microscope
(Nikon Eclipse 50i), and a field emission scanning electron
microscope (SEM) (FEI MLA 650FEG). Electron backscatter
diffraction (EBSD) analysis was also performed over a large
area of 4000 9 600 lm2 with a step size of 1.5 lm and a tilt
angle of 70�, using a Nordlys II HKL EBSD detector, Oxford
Instruments. The tensile test samples were made based on the
ASTM E8m-04 standard sub-size specimen (Ref 23) and tested
using a tensile strength testing instrument (Instron 5585H load
frame) at the crosshead speed of 8 mm/min, and an exten-
someter to record strain data. The samples for the Charpy
impact tests were made according to ASTM E23–18 (Ref 24).
The absorbed energy by each sample during fracture was
obtained at six different temperatures, i.e., � 146, � 100,
� 20, 0, 23 �C (room temperature), and 98 �C using an
automatic impact testing apparatus (a JBS-300 machine) with
the maximum capacity of 300 J. The fractured surfaces of both
tensile and impact test samples from all three directions were
also analyzed using the SEM.

3. Results and Discussion

3.1 Microstructural Characterization

Figure 2 shows the cross-sectional overview of the WAAM-
ER70S-6 steel block taken from different orientations (from
prepared gage length of the tensile samples prior to testing),
revealing the microstructural variations resulted from the
implemented 90� rotation deposition strategy. Optical micro-
graphs in Horizontal and 45-degree directions (Fig. 2a and b)
illustrate a uniform microstructure with almost no imperfection,
such as pores and cracks, within the entire cross section,

indicating the formation of a sound and defect-free AM part on
the X-Y plane with a clear metallurgical bonding between the
neighboring tracks. The microstructures of the Horizontal and
45-degree samples were characterized with a relatively uniform
microstructure without a significant grains morphology alter-
nation between the tracks, attributed to the high interlayer
temperature and consequently the lower interpass cooling rates,
resulted from the center-to-center overlap of the tracks in the
deposition (X-Y) plane. However, the Vertical sample (Fig. 2c)
shows a periodic nonuniform microstructure containing a
variety of interlayer discontinuities, such as lack of fusion
and porosities, formed particularly along the inter-layers�
regions perpendicular to the building direction. A banded
structure comprised of polygonal ferrite and a mixture of
acicular ferrite (AF), bainite (B), and allotriomorphic ferrite (a)
(as shown in Fig. 3) was found to form between consecutive
layers, resulting from the nonuniform cooling rate of each melt
pool in the areas near to its boundaries as compared to the
center. Moreover, the Vertical sample has experienced a 10 min
dwelling time between deposition of successive layers along
the Z-direction, resulted in the nonhomogeneous energy input
and consequently the formation of the periodic microstructure
as shown in Fig. 2(c). Similar observations were reported in a
previous study by Ge et al. (Ref 25) for a WAAM-2Cr13 thin
wall fabricated with a long dwelling time (210 s), which was
characterized by a periodic microstructure composed of
martensite laths in a ferritic matrix. Differently, adopting a
short dwelling time (30 s) during fabrication was reported to
create a uniform ferritic microstructure (Ref 25). It is
notable that the height of the banded microstructures is similar
to the height of each deposited layer (� 3 mm).

Figure 3(a) schematically represents two consecutive
deposited beads along the Z-direction, showing three distin-
guishable regions with distinct microstructures, i.e., melt pool
center, melt pool boundary, and a heat affected zone (HAZ) in
the previously deposited layer (Bead 1). Figure 3(b) shows the

Fig. 2 Optical micrographs taken from the overall cross-sectional overview of the (a) horizontal, (b) 45-degree, and (c) vertical samples
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overall microstructure of the Vertical sample in the vicinity of a
melt pool� boundary, in which two successive beads and their
corresponding HAZ are noticeable, revealing the variation of
microstructure from an area adjacent to a fusion line (Fig. 3d)
toward the middle of the melt pool (Fig. 3e). The microstruc-
tural transition from a uniform and fine polygonal ferritic (F)
structure at the center of the melt pool to a combination of
acicular ferrite (AF), bainite (B), and allotriomorphic ferrite
(shaded areas in Fig. 3d) microstructure in the melt pool
boundary (Fig. 3c and d) is evident. Moving closer to the fusion

line in the melt pool boundary areas revealed columnar grains
of acicular ferrite, bainite, and allotriomorphic ferrite, elongated
along the heat dissipation direction (the red arrow in Fig. 3d)
during solidification. However, the dominant microstructure of
each melt pool is fine polygonal ferrite with a slight volume
fraction of pearlite on the grain boundaries (Fig. 3e).

In complementary to the performed optical microscopy
investigation, SEM and EBSD analyses were also carried out
(Fig. 4) for detailed microstructural characterization of the
samples. The EBSD inverse pole figure (IPF) map from the

Fig. 3 (a) Schematic representation of two consecutive deposited beads, Optical micrographs taken from (b) the fusion line and center of the
melt pool, and higher magnification of the (c) melt pool boundary shown as C in (b), (d) fusion line shown as D in (b), and (e) melt pool center
shown as E in (b)
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entire microstructure between two adjacent layers along the
building direction (Z-axis) (Fig. 4a) shows the overall grains�
orientation/misorientation, size, and aspect ratio. The variation
of the grain size and morphology can be clearly seen along the
entire cross section in the Vertical sample. In Fig. 4(a), there are
regions (region B) with coarser grain structure with the average
grain size of 38.88±1.54 lm located at the melt pool
boundaries (Fig. 4b). The SEM micrographs from the same
area (Fig. 4b1) revealed the formation of the nonequilibrium
AF + B constituents adjacent to the melt pool boundary,
resulted from the faster cooling rate of the fusion zone at the
melt pool boundaries as compared to the center of the melt
pool. Differently, the melt pool�s center was characterized by
equiaxed (aspect ratio< 3) and randomly oriented ferritic grain
structure with the average grain size of 7.23±0.34 lm
(Fig. 4d). The SEM micrograph from the melt pool center

(Fig. 4d1) confirmed the formation of the PF grains with a very
small volume fraction of lamellar pearlite (P) (11.44 ± 0.47%)
formed at the grain boundaries, which is the predominant
microstructure over the entire fabricated block. The grain
structure in HAZ (Figs. 4c and 4c1) consists of coarser ferrite
grains (10.86 ± 0.25 lm) as compared to the center of the melt
pool, which is a direct consequence of the grain boundaries
migration in the previously deposited bead, triggered by the
significantly high temperature from deposition of a new layer
(Ref 4).

3.2 Mechanical Properties

The orientation of tensile and impact testing samples in the
horizontal, vertical, and 45� directions in the fabricated block is
presented in Fig. 1(c). Figure 5(a) shows the engineering tensile
stress-strain graphs for the Vertical, Horizontal, and 45-degree

Fig. 4 The EBSD inverse pole figure maps taken from (a) the entire cross-sectional overview along building direction of the WAAM-ER70SR-
6 sample, (b) the higher magnification of the enclosed area in (a) noted by B, (b1) the SEM image from the same area of the (b), (c) the higher
magnification of the enclosed area in (a) noted by C, (c1) the SEM image from the same area of the (c), (d) the higher magnification of the
enclosed area in (a) noted by D, (d1) the SEM image from the same area of the (d)
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samples. At each orientation, at least five samples were tested
to ensure reproducibility of the results.

The majority of the tensile graphs displayed the common
yield point phenomenon frequently seen in low-carbon and
mild steels (Ref 26, 27). A similar discontinuous yielding
characteristic has been reported for other WAAM fabricated
ER70S-6 parts as well (Ref 4, 9, 27). Along the deposition
plane, the Horizontal and 45-degree samples showed a uniform
deformation with a similar ductile failure during tensile testing.
Moreover, as shown in Fig. 2(a) and (b), since the Horizontal
and 45-degree samples have a uniform microstructure, variation
of MP boundaries orientation with respect to the tensile
direction (90� and 45� for Horizontal and 45-degree sample,
respectively) has not affected the ultimate tensile strength
(UTS), yield strength (YS), and elongation of the samples. As a
result, similar average UTS, YS, and elongation values (406 ±
23 MPa, 524 ± 13 MPa, and 37 ± 3%, respectively) were
obtained for both samples, confirming the isotropic mechanical
performance of the fabricated block on its X-Y plane. On the
other hand, the average UTS, YS, and elongation values of the
Vertical samples were found to be lower than those of the other
two samples (386 ± 26 MPa, 405 ± 22 MPa, and 10 ± 2%,
respectively), confirming the anisotropic tensile properties of
the WAAM manufactured block. The lower tensile strength and
elongation properties of the Vertical sample can correlated to
either microstructural variations across the building direction or
pre-existing interlayer imperfections, which are, in turn,
associated with the heat dissipation characteristics and the
implemented interlayer dwelling time during manufacturing of
the part, consistent with the previous studies (Ref 4, 9, 12, 25).

The Charpy V-notch impact results for the Horizontal, 45-
degree, and Vertical samples performed at six different
temperatures of � 146, � 100, � 20, 0, 23 �C (room
temperature), and 98 �C are given in Fig. 5(b). The fitted
curves to the obtained experimental data points represent cubic
functions with the error parameter value (R2) above 0.90,
featuring a Ductile to Brittle Transition Temperature (DBTT)
for the fabricated alloy at � �20 �C. The results also confirm
that the DBTT is constant and independent from the samples’
orientations. The average values of the absorb energy for the

Horizontal and 45-degree samples at all seven temperatures are
higher than those of the Vertical sample, ascribed to their
uniform ferritic and defect-free structure. The formation of
uniform and smaller ferritic grains in Horizontal and 45-degree
samples promotes both yield strength and tensile strength and
further improves ductile fracture mechanisms, while the
Vertical sample with periodic microstructure of acicular ferrite
and bainitic are expected to have a more brittle nature and be
more susceptible to crack propagation (Ref 28, 29).

To further investigate the fracture performance of the
fabricated samples, the fracture surfaces of all samples after
uniaxial tensile and impact testing were analyzed and shown in
Fig. 6. The SEM fractographs of the Horizontal and 45-degree
samples (Fig. 6a and b) mainly showed the characteristics of
dimple-like fracture, confirming an extended plastic deforma-
tion and ductile fracture. Differently, the Vertical sample
(Fig. 6c) showed inclusions combined with smaller and
shallower dimples, indicating that it experienced a lower
degree of plastic strain before failure. Using Energy-Disper-
sive-x-ray Spectroscopy (EDS), the inclusions were character-
ized to be mainly composed of MnO-SiO2, commonly reported
to form in ferrous alloys weld metals (Ref 30). These inclusions
in the Vertical sample can be formed due to the slag entrapment
between successive layers. A comparison between the fracture
surfaces after the impact test at room temperature revealed
some nearly flat surfaces in the Vertical samples (Fig. 6f),
representing relatively fast crack propagation and occurrence of
a rapid cleavage fracture (Ref 31). However, the Horizontal and
45-degree samples (Fig. 6d and e) showed no cleavage on their
fractured surfaces. Another noticeable high absorbed energy
feature on the fracture surfaces of the Horizontal and 45-degree
samples is the secondary cracks, resulted from energy dissipa-
tion in the material during the dislocations movements (Ref 32).

3.3 Comparisons with the WAAM-ER70S-6 thin-wall
Fabricated Using All-y Scanning Strategy

To better understand the impact of deposition strategy and
sample size on the microstructure and mechanical properties of
the fabricated block, comparisons were made between the
microstructure and mechanical properties of the block fabri-

Fig. 5 (a) the stress-strain curves and (b) the absorbed impact energy for the horizontal, vertical, and 45-degree samples
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cated with a 90� deposition strategy studied herein and a thin-
wall fabricated by all-y scanning strategy studied in the authors�
previous works (Ref 4, 9).

The formation of the AF+B microstructure near the melt
pool boundaries and fine polygonal ferrite with small amount of
pearlite in its grain boundaries as a primary microstructure of
the melt pool center have been also observed in a WAAM-
ER70S thin-wall fabricated using all-y scanning strategy (Ref
4, 9). However, using a 90� deposition strategy led to the
formation of the periodic microstructure along the building
direction, which was not detected in the thin-wall fabricated
sample (Ref 4, 9). Moreover, the grain size variations for the
extreme fine and coarse regions of the thin-wall sample were
reported to be in the range of � 4.94 lm to � 15.76 lm,
respectively. The thin-wall sample with 22 mm width has
experienced significantly lower heat accumulation and a faster
cooling rate as compared to the block sample with 120 mm
width. Therefore, in the thin-wall sample, all the deposited
layers have faced almost the same thermal cycles, giving rise to
a finer and more uniform microstructure than the block sample.

Furthermore, the anisotropy in mechanical properties of the
Horizontal and Vertical samples detected for the block sample
was also detected in the thin-wall sample. The reported average
values of UTS, YS, and elongation for Horizontal and Vertical
samples were 396 ± 26 MPa, 503 ± 21 MPa, 35 ± 2%, 402 ±
23 MPa, 502 ± 19 MPa, 12 ± 3%, respectively (Ref 4, 9). The
measured lower UTS and YS values for the Vertical sample in
the block part than those in the thin-wall sample can be
attributed to the formation of the periodic microstructure with
sharp boundaries between the deposited layer and also the
formation of substantial interpass defects in the vertical
direction of the block sample. Moreover, the formation of the
martensite–austenite (MA) constituent within the bainite lamel-
lar structures was reported as a contributing factor to the
improved tensile strength and degradation of the toughness in
the thin-wall sample (Ref 4, 9). However, in this study, larger

geometrical features of the fabricated block create higher heat
accumulation, leading to its slower cooling rate during
solidification, which would consequently impact the final
microstructure, level of interpass discontinuities, and suppress
the MA micro-constituent formation (Ref 33).

4. Conclusions

In this study, the microstructure and mechanical character-
istics of a block of ER70S-6 low-carbon low-alloy steel
fabricated utilizing the WAAM technique with deposition
strategy of 90� rotation between successive layers were
measured and compared with the thin-wall sample of the same
alloy fabricated using all-y scanning strategy. The following
conclusions can be drawn:

1. The microstructure of the Horizontal and 45-degree sam-
ples contained mainly ferrite grains with a small volume
fraction of pearlite formed at the grain boundaries.

2. A more heterogeneous microstructure was detected in the
Vertical sample, composed of three distinct regions of
fine polygonal ferritic grains formed in melt pools� cen-
ters, a combination of allotriomorphic ferrite and acicular
ferrite and bainite in the melt pools� boundaries, and
coarse polygonal ferritic grains in HAZ.

3. The EBSD results revealed that the overall microstructure
was predominantly composed of randomly oriented
equiaxed grains across the entire building direction. The
slower cooling rate during solidification in the block
sample resulted in coarsening of the average grain size
by 60% as compared to the thin-wall sample.

4. The tensile test results of the Horizontal and 45-degree
samples showed the isotropic YS, UTS, and elongation
properties along the building plane of the fabricated
WAAM-ER70S-6 block. However, the mechanical perfor-

Fig. 6 SEM micrographs taken from the fractured surfaces after uniaxial tensile testing of (a) horizontal, (b) 45-degree, and (c) vertical samples
and after impact testing of (d) horizontal, (e) 45-degree, and (f) vertical samples at room temperature (23 �C)
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mance was dropped in the Vertical sample, associated
with the existence of the discontinuities in the interpass
regions and heterogeneity of the microstructure along the
vertical direction.

5. The average impact resistance of the Horizontal and 45-
degree samples at different temperatures were similar and
higher than that of the Vertical samples, dictated by the
microstructural variations between the samples.

6. The fracture surfaces of Horizontal and 45-degree sam-
ples at room temperature revealed dimpled rupture char-
acteristics and secondary cracks, suggesting a pure
ductile fracture. However, the fracture surface of the Ver-
tical sample showed smaller and shallower dimples,
inclusions and some flat regions, confirming the reduced
toughness of the fabricated sample along the building
direction as compared to the building plane.
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